Zinc oxide (ZnO) nanoparticles were produced via a simple and green precipitation method under stirring conditions (ZnO-St) and under ultrasonic radiation (ZnO-Us). The nanoparticles properties were characterised with X-ray fluorescence (XRF), X-ray diffractometry (XRD) and transmission electron microscopy (TEM); and compared with commercial ZnO and no ZnO. Their influence in the nanofiltration (NF) of hazardous Congo red dyes was studied in order to provide the fundamental understanding in the interacting effect of ZnO and NF membranes. The membrane performances were significantly improved after the addition of ZnO in the dye solution in descending order as follows: ZnO-Us > ZnO-St > commercial ZnO > no ZnO. It is believed that the preparation method, agglomerations and the morphology of nanoparticles influence their interaction with dye molecules and membrane surfaces. Membrane characterisations using contact angle, X-ray fluorescence (XRF), Field Emission Scanning electron microscopy (FESEM) and Energy Dispersive X-ray Analysis (EDX) confirmed that ZnO nanoparticles have great potential for fouling mitigation in industrial NF application.
Introduction
Recent developments in the area of integrated membrane-photocatalytic nanoparticles [1, 2] have led to a renewed interest in the use of nanoparticles during membrane filtration. Data from several reports have shown that the addition of nanoparticles in NF systems has led to a reduction in the membrane fouling flux with an increased total removal of colour and unwanted elements of wastewater dyes [3] . ZnO nanoparticles, in particular, would be of interest due to their higher reactivity, surface area, photosensitivity, chemical stability, non-toxic nature, and low cost [4] . Along with its stable wurtzite structure and wide bandgap (3.4 eV) compound semiconductor, ZnO has been mainly used as a catalyst for dye treatment [5, 6] . Similarly within a photocatalytic membrane reactor, nanoparticles can be used as the photocatalyst to degrade the dyes while they are being separated and recycled at the same time through the use of membranes [7, 8] . Therefore, the influence of such nanoparticles on membrane performance is an important issue in this research area. However, there are very limited detailed studies concerning the influence of ZnO nanoparticles on the performance of NF membranes in the dye wastewater treatment field. Thus, this study aims to analyse the influence of the presence of ZnO nanoparticles on the rejection and flux performance of the NF membrane.
It should be noted that the characteristics of ZnO are dependent on its size and preparation methods [9] . Recent reports [10, 11] very sensitive to precursors and synthesis process conditions. Therefore, the performances of ZnO nanoparticles may be influenced by the method of synthesis. To date, various methods have been implemented for the production of ZnO nanoparticles such as sonochemical [10, 12] , precipitation [9, 11] , electrolysis [13] and hydrothermal synthesis [14] . Among these methods, precipitation has been recognised as the preferable technique since it provides a simpler route, is more economical and occurs at moderately low temperatures. However, very few studies involving the synthesis of ZnO nanoparticles via the precipitation method have been published. In addition, there have been several studies which have shown that the size and characteristics of ZnO nanoparticles varied, but were improved under ultrasonic conditions [10, 15, 16] . The ultrasonic radiation method has gained much attention among researches due to it being green, low cost, rapid, and preservative free technique [16, 17] . Data from several reports have revealed that the photocatalytic efficiency of ZnO synthesised via the ultrasonic method was better in comparison to commercially available ZnO [10, 15] . Therefore, the influence of ZnO nanoparticles synthesised via preparation methods under different conditions (ultrasonic radiation and vigorous stirring) and their effect on the performance of the NF membrane were also examined.
Since Congo red (CR) dye was frequently used in the dyeing process for many industries, it was used as the model of synthetic dye in this study. It is also known as 3,
, with molecular formula C 32 H 22 N 6 Na 2 O 6 S 2 and molecular weight of 696.7 g mol À1 . The complex structure would causes wastewater containing CR difficult to biodegraded, contaminated, high organic content and high colour concentration [18, 19] . Moreover, CR has also been known as a highly toxic substance, unpleasant and suspected to be mutagenic and carcinogenic. These negative features will lead to a variety of hazards that pose a significant risk to the environment and human health. Therefore, the treatment of CR dye effluent is very important. The overall objective of this study is to provide preliminary understanding of the influence of ZnO nanoparticles during the nanofiltration of Congo red dye. The output from this study will help to provide the fundamental understanding in the interacting effect of ZnO and NF membranes if they are applied within a membrane photocatalytic reactor for the treatment of hazardous dyes.
Materials and methods

Congo red
Congo red powder (k max = 510 nm) received from R&M Chemicals, United Kingdom (U.K.) were used as the model of synthetic dye. It is a benzidine-based anionic diazo dye, contains of coupling tetrazotised benzidine with two naphthionic acid molecules as illustrated in Fig. 1 . Appropriate amount of CR powder was dissolved in reverse osmosis (RO) water for preparing 20 mg L À1 dye solution. The pH was adjusted by adding either hydrochloric acid (HCl) or sodium hydroxide (NaOH) solutions, obtained from R&M Chemicals, U.K. The solution pH was measured using a microprocessor pH meter (Sastec ST-PHS3BW Model).
Synthesis of ZnO nanoparticles by precipitation method and their characterisations
ZnO nanoparticles were prepared according to Kanade et al. [9] and Behnajady et al. [11] . A 0.15 M solution of oxalic acid dehydrate (R&M Marketing, Essex, U.K.) was added slowly to a 0.1 M solution of zinc acetate dehydrate (R&M Marketing, Essex, U.K.) under room temperature with two different conditions: vigorous stirring and ultrasonic radiations. The precipitate obtained was filtered and calcined in the furnace (Nabertherm model, Germany) at 550°C for 3 h to remove impurities. Commercial ZnO (Sigma Aldrich, USA) was used for comparison purposes. The nanoparticle properties were characterised with X-ray fluorescence (XRF) (PANalytical model), X-ray diffractometry (XRD) (Bruker AXS GmbH model) and transmission electron microscopy (TEM) (CM12 Philips model).
Membrane and experimental set-up
Polypiperazine amide nanofiltration (PA-NF) membrane (GE Osmonics Ò HL, Trisep Ò TS40, USA) was used for this study due to its effectiveness [20, 21] . Its specifications and properties are summarised in Table 1 . The membrane were immersed in RO water over-night before use, for elimination of conservation products. A stirred cell (Sterlitech™ HP4750, USA) with 14.60 cm 2 of effective membrane area was used for the NF run. In order to prevent membrane compaction throughout the experiments, the NF membrane was wetted out for 30 min under 5 bar (using nitrogen gas) by circulating RO water. 20 mg L À1 CR treatment was carried out under pH 9 with the addition of 1.0 g L À1 ZnO. The schematic diagram of the experimental set-up was shown in Fig. 2 . The mixed CR solutions-ZnO were stirred for 30 min in order to reach adsorption-desorption equilibrium of the ZnO. Subsequently, the filtration process was started under room temperature at a constant trans-membrane pressure of 5 bar. All three different types of ZnO were used in this study to investigate the influence of different preparation methods and the morphology of nanoparticles to the membrane performance and removal of CR. At least 2 time replicates were made in each experiment in order to confirm the data reliability.
Flux decline analysis
Normalised flux of the membranes were calculated in order to study the behaviour of membrane fouling as shown in Eq. (1). Comparison study of the fouling behaviours was performed by plotting the graph normalised flux vs. operation time:
Normalised flux ¼ Solution flux; J Pure water flux; J 0 ð1Þ
The percentage of the PA-NF membrane flux decline was specified according to the following equation:
Characterisation of Membrane Surface
The EasyDrop contact angle measuring instrument model DSA100 (KRÜSS GmbH, Germany) was used to determine the contact angle of the membrane surface based on the standard sessile drop method. The membranes sample was dried overnight at room temperature before it was analysed in order to eliminate the effect of capillary penetration. 5 lL RO water was injected from a microsyringe with a stainless steel needle onto the membrane surface. The measurements were taken within 10 s. The averaged value of at least 3 contact angles at different locations of a membrane surface was taken to obtain a reliable value. The contact angle values were used to indicate the degree of hydrophilicity of the membranes. X-ray fluorescence (XRF) (PANalytical model) spectrometry was used to define the percentage of dye and ZnO retained on the membrane surface.
Field Emission Scanning electron microscopy (FESEM) Gemini, SUPRA 55VP-ZEISS equipped with an Energy Dispersive X-ray Analysis (EDX) analysis system was employed in this work to observe the membrane surface and cross sectional morphology. For the sample preparation, the membranes were dried and cut into small pieces. The small pieces were immersed in liquid nitrogen for 6-7 h for the cross sectional analysis. Consequently, the samples were fractured and kept in an oven (60°C) for drying. The dried samples were gold sputtered in order to generate electrical conductivity. The prepared samples were finally observed under a microscope at 3 and 10 kV. The EDX analysis was carried out for elemental investigation of the membrane surface.
Results and discussion
Characterisation of ZnO nanoparticles
Two different ZnO nanoparticles have been successfully synthesised via the precipitation method under vigorous stirring (ZnO-St) and ultrasonic radiations (ZnO-Us). The purity of the nanoparticles was studied by XRF characterisation, as shown in Fig. 3 . It was clearly revealed that the purity of synthesised ZnO was not less than 99.0%. This indicates the high purity of both synthesised-ZnO as well as commercial ZnO. The possible intermediate reaction mechanism of zinc acetate and oxalic acid is presented as follows:
The yield of intermediate zinc oxalate was obtained through the reaction shown in Eq. (3). During the reaction process, it was observed that the reaction was faster under vigorous stirring compared to ultrasonic radiation. Subsequently, zinc oxalate decomposed to ZnO upon calcination according to Eq. (4):
Fig . 4 shows the XRD patterns of commercial ZnO, ZnO-St and ZnO-Us. It was clearly observed that all of the peaks mainly corresponding to the planes h1 0 0i, h0 0 2i and h1 0 1i are match well with the standard wurtzite structure [22] . The major reflections between 30°and 40°(2h values) indicated more crystalline regions in the zinc oxide sample. Moreover, the less intense peaks at 48°, 57°and 60°-70°(2h values) showed the high crystallinity of the three different forms of ZnO.
The morphology and particle size of ZnO were observed using TEM, as shown in Fig. 5 . It was clearly observed that all of the samples were agglomerates, where the synthesised-ZnO consisted of a spherical nanostructure and commercial ZnO showed an obviously variable nanorod structure. The particle size of commercial ZnO ranged from 50 to 140 nm, and the particle sizes of ZnO-St and ZnO-Us were in the range of 40-150 nm and 50-130 nm, respectively. The order of the average nanoparticle size was ZnOUs (70 ± 5 nm) < commercial ZnO (87 ± 6 nm) < ZnO-St (100 ± 5 nm). According to the results, ZnO-Us was found to provide the smallest nanoparticles, which may be due to the slow reactions under ultrasonic radiation. This may ultimately result in small and uniform crystal growth in water. The characteristic of all ZnO samples was investigated in the nanofiltration of CR, with special attention paid to their influence on membrane fouling and the removal of dyes. be observed that the permeate flux was responsive to the presence of the nanoparticles. The percentage of PA-NF membrane flux decline after 1 h of filtration was in the order of ZnO-Us (4.4%) < ZnO-St (6.4%) < commercial ZnO (8.6%) < no ZnO (12.3%).
Influence of ZnO nanoparticles during the nanofiltration of CR dyes
The result indicated that severe membrane fouling was observed without nanoparticles, in comparison to the results with the presence of all types of ZnO nanoparticles. This is mainly due to the cake layer formation of CR on the membrane surface in the absence of the ZnO. Some previous studies such as Balta et al. [23] and Hong et al. [24] agreed with this finding and they concluded that the microfiltration membrane performances was improved in the presence of ZnO even in small and ultralow concentrations. The possible interactions between ZnO, CR and membrane surface for both conditions in the presence and absence of ZnO was illustrated in Fig. 7 . The smaller size and lesser agglomeration of ZnO-Us provides more effective surface to adsorb more dye molecules, which led to a reduction in the dyes cake layer formation. This is attributed to the fact that the conglomeration between particles easily occurred in the solution state and with increasing ionic strength [25] . At high ionic strengths, the zeta potentials of nanoparticles would decrease due to double layer compression. This resulted in the agglomeration of nanoparticles which tend to form extra porous fouling cake. The bigger particle size and more agglomerations of ZnO-St in comparison to ZnO-Us resulted in the increasing deposition of CR onto the membrane surface which was the primary cause of membrane fouling and flux decline. As for the reduced effectiveness of the commercial ZnO, it was believed that the less effective surface, severe agglomeration and its morphology/structure caused the weak interaction between ZnO, dye and the membrane surface. In addition, it could be noted that the precipitation method have a high potential in producing ZnO with better performance as compared to the commercial ZnO. Therefore, it can be concluded that the different methods of preparation, agglomeration and morphology of the ZnO were the major contributors to the dye-ZnO adsorptions and pore blocking, which subsequently influenced the membrane flux decline.
In all experiments, the dye rejection was almost 100% either with or without the presence of ZnO nanoparticles for a 1 h period of filtration (Fig. 8) , due to the good performance of the PA-NF membrane. The results revealed that 20 mg L À1 CR could be retained perfectly under pH 9, due to the high electrostatic repulsion effects. Therefore, it can be deduced that ZnO nanoparticles did not influence the dye retention in this system. However, as shown in Fig. 8 , the presence of nanoparticles led to a reduction in the permeate conductivity, which supported the explanation of the conglomeration between particles and the interaction of ZnO and the membrane surface, as explained earlier. Hence, ZnO nanoparticles were found to not only decrease the NF membrane fouling, but also assisted in the reduction of the permeate conductivity.
Contact angle analysis
To identify the hydrophobicity/hydrophilicity characteristics of the membrane surface, contact angle measurements were considered in this study. Theoretically, the hydrophobicity of the membrane surface increased with the increase in contact angle. It is apparent from Table 2 that the contact angle of the membrane increased after filtration, possibly due to the adsorption of dye molecules and nanoparticles onto the membrane surface. The order of the contact angle after filtration was in the order of ZnO-Us (63.44°) < ZnO-St (75.91°) < commercial ZnO (81.63°), which was different from the order of the average nanoparticle sizes (Section 3.1), ZnO-Us < commercial ZnO < ZnO-St. This result supported the membrane fouling results which are shown in Fig. 6 , since the higher contact angle indicated that membranes were probably fouled with more hydrophobic/hydrophilic dye molecules and nanoparticles. Moreover, in this case, it was confirmed that the preparation method of ZnO nanoparticles gave more significant effect in comparison to the particle sizes for the nanoparticle performances. This is probably due to the ZnO synthesised by precipitation method had less agglomerations with uniform in shape, which led to more effective surface for dye absorptions and reduction of the hydrophobic cake layer formation on the membrane surface. Fig. 9 shows the XRF analysis of the membrane surface under 3 different conditions; the compositions obtained from the XRF analysis are reported in Table 3 . The results demonstrated that the main component of the NF membrane surface was Sulphur (S), whilst Chlorine (Cl), Calcium (Ca), Titanium (Ti), Manganese (Mn), Iron (Fe), Copper (Cu) and Zinc (Zn) were the minor components on the surface. It was also revealed that Zn was the major inorganic element in the fouling cake on the membrane surface after filtration in the presence of ZnO-Us in the dye solution. This result confirmed that a significant amount of ZnO was retained on the membrane surface after the filtration process, which consisted of porous fouling cake, as explained earlier.
XRF analysis
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FESEM observation
To confirm the retention of ZnO nanoparticles on the membrane surface, FESEM observations and EDX analysis were carried out. It was observed from the FESEM image of the membrane (Fig. 10b-1 ) that the surface has many contaminants in comparison to the membrane before filtration (Fig. 10a-1) . The contaminants were obviously the ZnO nanoparticles trapped on the membrane surface, as confirmed by EDX analysis (Fig. 11) . The result also supported the XRF analysis outcomes that were explained in Section 3.2.2. Moreover, the FESEM images of the membrane cross-section ( Fig. 10b-2 ) revealed that the fouling layer cake was formed on the membrane surface; and did not change the structure of the membrane cross-section, as shown in Fig. 10a-2 . Therefore, it is believed that the ZnO nanoparticles could not pass through the pores of the PA-NF membrane.
Conclusion
Flux decline of the PA-NF membrane was improved after the addition of ZnO nanoparticles in the dye solution whilst maintaining the same level of dye rejection. The order of membrane flux decline after a 1 h filtration of CR dyes in the presence/absence of nanoparticles in dye solution was ZnO-Us < ZnO-St < commercial ZnO < no ZnO. It was found that the precipitation method have a high potential for producing better quality ZnO nanoparticles, in terms of reducing the membrane fouling and flux decline. The smaller particle size and lesser agglomerations of ZnO-Us was the primary caused of the minimum membrane flux decline due to the higher effective surface of ZnO-Us to adsorb the dyes. In addition, ZnO nanoparticles were found to not only decrease the NF membrane fouling, but also assisted in the reduction of the permeate conductivity. Contact angle, XRF, FESEM and EDX analysis confirmed that the ZnO nanoparticles play an important role in the nanofiltration of CR dye.
